FORENSIC PATHOLOGISTS SEEK to establish the cause of death by examination of a corpse and by the use of ancillary laboratory tests. One of the challenges facing practitioners of this discipline is that widely divergent causes of death may not produce discernible pathological or laboratory changes. We hypothesize that 1) certain types of lethal stresses may alter gene expression premortem and produce characteristic patterns of gene expression and 2) that a prediction model can be used to infer the cause of death based upon gene expression patterns.
Sudden infant death syndrome (SIDS) provides a good example of the challenges faced by forensic pathologists. SIDS is a frequently encountered cause of infant mortality in which there are no physical or laboratory changes in the corpse. Although it is not known whether there is one or several causes of SIDS, the most commonly held hypothesis is that respiratory failure leads to asphyxia and death. Consistent with this, several recent investigations of infants who expired from SIDS have identified abnormalities in brain stem serotonergic neurons involved in respiratory drive (7, 17) . Other investigators believe that sudden cardiac death (13, 20) or hyperthermia (11, 14, 19, 23) may be the cause of some cases of SIDS (among other hypotheses). All of these causes of death share the characteristic of producing no diagnostic physical findings or laboratory abnormalities.
If gene expression analysis can distinguish among different forms of premortem stress, it has the potential to provide data that will inform the investigations of pathologists. To test our hypotheses that gene expression analysis provides insight into certain premortem stresses, we examined patterns of gene expression in neonatal mice following death from hypoxia, hyperthermia, and sudden death (which would mimic death from cardiac arrhythmia). Tissues from these groups were collected immediately after death. To determine the effect on gene expression caused by a delay in the harvest of tissues, we also included a group in which tissues were not harvested until 4 h after sudden death.
METHODS
Mouse preparation. All procedures and animal care were approved by the Institutional Animal Care and Use Committee at the University of Washington. BALB/c mice were obtained from Harlan Laboratories (San Diego, CA) to establish a colony for these experiments. Mice were time-mated, and the pups of both sexes were used for experiments when they were 9 days old (birth day is day 0), at which time they weighed ϳ5 g. The pups remained with the dams and were provided with free access to nursing except during the experimental protocols. For the experiment, mice were placed in a temperature controlled environmental chamber. Warmed, humidified fresh gas (21% oxygen, balance nitrogen) entered the chamber at 1 liter per minute (LPM).
Rectal temperature was measured with a thermocouple made from high-precision 44-gauge copper/constantan wire (Physitemp "Special Limits"). This was inserted ϳ0.75 cm into the rectum and taped to the tail. The thermocouple data were acquired via a National Instruments 9211A 4-channel, 24-bit thermocouple input device. The data were displayed and recorded using a LabVIEW virtual instrument. Prior to each experiment, the temperature measurement system was calibrated at 37°C against a certified mercury thermometer.
Two or three mice were placed in the environmental chamber during each session. We monitored the rectal temperature of only one mouse per group; otherwise, the thermocouple wires would tangle as the mice moved about the cage. Experiments were repeated at least three times to accumulate eight animals in each experimental group. To reduce the likelihood that "batch effects" would influence gene expression patterns, we randomized the order in which we performed the sudden death, hyperthermia and hypoxia experiments.
At the end of each experiment, the mouse liver was harvested via a midline abdominal incision. The infant mouse liver is sufficiently large to easily permit multiple Western blot and gene expression analyses. Consequently, we did not use pooled samples for any of our analyses.
Sudden death. Eight animals were used (n ϭ 8) for these experiments. The water bath for the environmental chamber was set to 34°C after we determined that this would permit the mouse pups to maintain their rectal temperature at ϳ37°C. The fresh gas inflow was humidified 21% oxygen (balance nitrogen). The mouse pups remained in this environment for 2 h. At the end of the experiment, they were euthanized by decapitation. The liver was promptly harvested.
Sudden death delayed harvest protocol. We used eight animals (n ϭ 8) for these experiments. Conditions for this experiment were identical to the sudden death protocol; however, after decapitation, the mouse cadavers were returned to the environmental chamber. To mimic the gradual cooling that might occur in a human infant after death, the water bath temperature was gradually lowered, until at the end of 4 h, the temperature was 21°C. The liver was then harvested.
Hyperthermia protocol. We used eight animals (n ϭ 8) for these experiments. The water bath for the environmental chamber was set to 39.5°C. The fresh gas inflow was humidified 21% oxygen (balance nitrogen). The mouse pups remained in this environment until they expired (ϳ1.5 h). At the end of the experiment, the liver was promptly harvested.
Hypoxia protocol. We used eight animals (n ϭ 8) for these experiments. The water bath for the environmental chamber was set to 34°C. The fresh gas inflow was humidified 8% oxygen (balance nitrogen) at 1 LPM. The mouse pups remained in this environment until they expired. Any mouse pups that had not expired at the end of 200 min were euthanized by decapitation. The liver was promptly harvested.
Tissue handling. Immediately after harvest, we placed liver tissue in 1.5 ml RNAlater and stored it in a refrigerator at 4°C for 24 h to allow saturation with the RNAlater (as per manufacturer's recommendation). After 24 h, the samples were frozen at Ϫ80°C until they were used.
Western blot analysis. A 10 mg piece of tissue was sonicated in RIPA lysis buffer (with protease inhibitors) and centrifuged. We loaded 40 g of protein in each well of a 10% SDS-PAGE gel. One lane on each gel was loaded with 5 ng of recombinant HSP72 (Stressgen SPP755). The protein bands were transferred to a polyvinylidene difluoride membrane using a semidry transfer technique. Proteins were detected using the following primary antibodies: StressgenSPA810 (1:8,000) for HSP72 (72 kDa) and Sigma A-5441 (1: 1,500,000) for ␤-actin (43 kDa). Rockland Immunochemicals IRDye800CW Conjugated anti-Mouse IgM (610-732-124) was used as the secondary antibody (1:8,000). The membrane was simultaneously probed for HSP72 and ␤-actin. A Licor Odyssey infrared imaging system was employed for image capture. The control protein band (␤-actin) was used to verify that purification or loading errors had not occurred.
Gene expression analysis. The data and protocols described in this article are Minimum Information About a Microarray Experiment (MIAME) (2) compliant and can be found under the European Molecular Biology Laboratory ArrayExpress (3) accession number E-MEXP-2189 (http://www.ebi.ac.uk/microarray-as/ae/). Gene expression was conducted using the Affymetrix Mouse 430 2.0 arrays (Santa Clara, CA). These arrays contain Ͼ45,000 probe sets to analyze the expression level of 39,000 transcripts from 34,000 wellcharacterized mouse genes representing the entire mouse genome.
We disrupted 30 mg of liver tissue in RLT buffer (Qiagen) and passed it through a QIAshredder column. RNA was isolated using the RNeasy column and buffers (Qiagen). Using an Agilent Bioanalyzer, we considered an RNA integrity number of 8 or better suitable for analysis. Generation of cRNA and hybridization were performed at the Functional Genomics Center in the University of Washington Center for Ecogenetics and Environmental Health. The laboratory followed the manufacturer's protocols for processing Affymetrix Mouse 430 2.0 arrays. These methods include the synthesis of firstand second-strand cDNAs, the purification of double-stranded cDNA, the synthesis of cRNA by in vitro transcription, the recovery and quantitation of biotin-labeled cRNA, the fragmentation of this cRNA and subsequent hybridization to the microarray slide, the posthybridization washings, and the detection of the hybridized cRNAs using streptavidin-coupled fluorescent dye. Hybridized arrays were scanned with an Affymetrix GeneChip 3000 scanner. Image generation and feature extraction was performed using Affymetrix GCOS software.
Expression data analyses. Analyses were performed using GenePattern (18), a freely available open source software package for microarray analysis. Unprocessed microarray data (.CEL files) were normalized using the guanine-cytosine content adjusted robust multiarray algorithm.
We initially performed two analyses: 1) comparing the gene sets of sudden death, hyperthermia, and hypoxia and 2) comparing the gene sets of sudden death and sudden death delayed harvest. Before each analysis, the data were preprocessed to select only genes that demonstrated at least a threefold difference in mean expression levels and had a minimum signal intensity change of at least 100 (maximum signal intensity was 20,000).
Differential analysis (marker selection) was performed using the "Class Neighbors" method, which identifies genes whose pattern of regulation correlates closely with a class (i.e., sudden death, hyperthermia, hypoxia, or sudden death delayed harvest) (8) . We selected 30 genes per class (60 genes for the sudden death vs. sudden death delayed harvest comparison, 90 genes for the sudden death vs. hyperthermia vs. hypoxia comparison).
After this method demonstrated that there were differential gene expression patterns between the sudden death, hyperthermia, and hypoxia groups, we employed the K-nearest neighbors (KNN) classification with leave-one-out cross-validation prediction algorithm to classify samples (KNNXValidation module). This method creates a classification model by assigning samples to a class based on their proximity in Euclidean space to KNN. In leave-one-out cross-validation mode, a series of iterations are conducted in which one sample is left out during the creation of the classification model. This model is then tested against the excluded sample. The process is repeated until each sample has been handled in this manner. A prediction model was created from a training set consisting of six tissue samples from the sudden death, hyperthermia, and hypoxia groups (18 samples). To test the predictive ability of this model, it was used to classify the two previously untested samples from each of these groups (6 samples).
RESULTS
Animal experiments. Mice subjected to the hyperthermia protocol generally expired shortly after their rectal temperatures exceeded 43°C. The average survival time was 83 min (SD Ϯ 15 min). Mice subjected to the hypoxia protocol survived an average of 152 min (SD Ϯ 66 min). Two mice in the hypoxia protocol were killed when their survival time exceeded 200 min.
Differentially expressed genes. After filtering, 1,231 genes were differentially expressed in the lethal hypoxia gene set and 2,192 probes were differentially expressed in the lethal hyperthermia gene set. The differentially regulated probes were then screened to identify those that were differentially expressed at a false discovery rate (Benjamini and Hochberg) Ͻ0.05. In the lethal hypoxia set and lethal hyperthermia set, 367 probes and 609 probes satisfied these criteria, respectively. Many genes on the Affymetrix platform are represented by redundant probes; consequently, there were 272 differentially regulated genes in the lethal hypoxia set and 423 differentially regulated genes in the lethal hyperthermia set.
Comparison between hyperthermia, hypoxia, and sudden death gene sets. Using the Class Neighbors method to perform a direct comparison between hyperthermia, hypoxia, and sudden death revealed marked differences in gene expression (Fig. 1) . Although we show the results for 90 genes, similar gene expression differences were observed if the final gene set was expanded to 200 genes (data not shown).
Comparison of sudden death and sudden death delayed harvest gene sets. To determine if delayed tissue harvest would have an effect on gene expression patterns or RNA quality, we compared two different groups. In one group, liver tissue was harvested immediately (sudden death). In the other group, liver tissue was harvested 4 h after death (sudden death delayed harvest), during which time the mouse cadaver underwent gradual, controlled cooling to 21°C. Despite an interval of 4 h between death and the harvest of liver tissue in the sudden death delayed harvest group, the RNA quality from this group (mean RNA integrity number 9.3, SD Ϯ 0.45) was indistinguishable from the other groups in which tissue was immediately harvested.
Analysis using the Class Neighbors method indicated that there are substantial differences in gene expression that occur when the sudden death group is compared with the sudden death delayed harvest group (Fig. 2) . To learn if the genes that are differentially regulated in the sudden death delayed harvest group are similar to those that are differentially regulated when the hypoxia and hyperthermia are compared with sudden death, we compared these two gene sets and found Ͻ4% of the genes are shared.
Classification of unknown samples. During the training of the KNN prediction model with a leave-one-out cross validation scheme (using the KNNXValidation module), the model correctly classified all of the training samples. The model also correctly classified all six mice in the test sample. The model requires only 10 probe sets [genes and expressed sequence tags (ESTs)] to achieve this degree of accuracy (Table 1 ). Because two of the probes in this set are from the same gene, Hspa1b, and have identical expression Fig. 2 . Comparison of gene expression in the sudden death and sudden death delayed harvest. In sudden death, liver tissue is immediately harvested. In sudden death delayed harvest, liver tissue is harvested 4 h postmortem after the mouse has cooled to 21°C. The heat map shows that delayed harvest produces distinctive differences in gene expression patterns.
profiles, the classification model actually makes use of only nine genes.
Western blot for HSP72. All but one of the mice in the hyperthermia group had vigorous HSP72 expression resulting in a dense, easily observed band on Western blot. One mouse in the hyperthermia group showed no evidence of HSP72 induction on repeated Western blot examinations. Two mice in the sudden death group and two mice in the sudden death delayed harvest group had extremely faint HSP72 bands. A typical Western blot is shown in Fig. 3 .
DISCUSSION
Hypoxia, hyperthermia, and sudden cardiac death are examples of mortality that do not produce characteristic alterations in the physical appearance of a corpse or diagnostic laboratory perturbations. We initiated this project to determine whether gene expression studies in tissues collected postmortem could be informative regarding these antemortem stresses. Because each of these stresses has been hypothesized to be a cause of SIDS, this project replicates a challenging situation confronted regularly by forensic pathologists. The stresses we selected for this investigation were lethal within 1 1/2 -3 h. Our results indicate that gene expression patterns from tissues obtained postmortem are strikingly different when mice expire from hypoxia, hyperthermia, or sudden death (Fig. 1) . Of the 90 probes selected for the heat map shown in Fig. 1 , 73 of these probes correspond to named genes. The remainder of these probes represent ESTs and other transcripts that have not yet been identified as genes. All 73 of the murine genes have human homologs to which they have a high degree of gene sequence identity (generally 75-95% identity). These data may help to guide investigators if they should seek to develop a probe set for human subjects to distinguish between the premortem stresses of hyperthermia, hypoxia, and sudden death.
The results of the KNN prediction model show that only 10 probe sets are necessary to accurately classify the gene expression patterns produced by hypoxia or hyperthermia and sudden death in mice. This suggests that it might be possible to develop a small probe set for human tissues that could be used to distinguish between lethal hyperthermia, lethal hypoxia, and sudden death. If a small probe set could be developed for this purpose, it would be much less demanding to use compared with a whole genome array.
When working with postmortem tissues, it is a special concern that the gene expression changes that accrue during the postmortem period (represented by the sudden death delayed harvest group) could obscure the changes of interest (i.e., the differences between hyperthermia, hypoxia, and sudden death). Although our data show that delaying the harvest of tissue (sudden death delayed harvest) induces its own gene expression pattern compared with sudden death, there is almost no overlap between this gene set and the gene set that was identified as being differentially regulated when hyperthermia and hypoxia are compared with sudden death. This observation is important because it indicates that the inevitable delay in harvesting human tissues during autopsy is unlikely to obfuscate the gene expression differences between hyperthermia, hypoxia, and sudden death.
Ideally, we would have preferred to repeat our experiments under several different conditions. We believe it would have been informative to have had a delayed harvest group for the hyperthermia and hypoxia models, not just the sudden death model. It would also have been informative to have examined the effects of delayed harvest at several different time points.
Although the relatively brief stresses used in our experiments produced distinctive gene expression signatures, our data do not address the minimum duration of stress necessary to produce gene expression changes. It would be informative to perform a time series of experiments demonstrating the threshold for inducing a distinctive gene expression signature. Because it is economically challenging to perform large numbers of gene expression experiments, we selected those that we believed would provide the most information in a limited data set.
We used a 4 h delay between death and tissue harvest to determine the effect of delayed harvest on gene expression. Although this is a shorter period than is likely to be encountered during human postmortem examinations, we feel that the changes observed in our samples are likely to be representative of the changes in gene expression that would be observed with a considerably longer delay before tissue harvest. In contrast to premortem gene expression changes, which occur in a living organism capable of rapid RNA synthesis, postmortem gene expression changes occur in a hostile, metabolically impoverished environment. Energy depletion in the cells after the death of an organism rapidly limit the cells' ability to synthesize new RNA in response to postmortem stresses. Because of this, it seems likely that the gene expression changes observed 4 h after death are likely to represent the preponderance of postmortem gene expression changes. The delay in harvesting human tissues usually will be longer than the 4 h employed in our investigation; consequently, there may be concerns about the quality of RNA available from routinely harvested human tissues. Several investigations have shown that RNA harvested postmortem from human brain and liver tissue can be of good quality and can be used for microarray analysis (4, 5, 10) . These findings indicate there is room for optimism that postmortem gene expression analysis may prove to be useful in forensic investigations.
In this article, we use the term HSP72 to refer to the protein products of the genes HSPA1A and HSPA1B. The expression of protein from these genes is strongly induced by heat stress (6) with the maximal expression occurring ϳ12 h following exposure (22, 24) . The protein products of these genes differ by only two amino acids (12) , are functionally identical, and are indistinguishable by the immunologic methods we employed. In the literature these proteins are usually known as HSP72 and are rarely distinguished. Although we are not aware of information regarding the synthesis of inducible HSP72 after death, this protein is known to be absent in unstressed, healthy murine livers (15) . We examined HSP72 expression to determine if there was sufficient time for relatively brief lethal heat stress to alter protein synthesis as well as gene expression. Our results indicate that in most instances, the mice survived long enough to demonstrate induction of protein from the HSPA1A and HSPA1B genes.
We did not expect to observe any HSP72 expression on the Western blots of animals from the sudden death and sudden death delayed harvest groups because death was immediate and because these mice had not undergone a stress known to induce HSP72 synthesis. We speculate that the very faint HSP72 bands observed on some of these Western blots may represent low-level antibody cross-reactivity between HSP72, which is inducible and the closely related HSPA8 (70 kDa), which is constitutively synthesized.
For this investigation, we elected to use liver tissue for gene expression analysis. Part of our rationale for choosing this organ is that the liver is rich in nucleic acids and it is known for its metabolic adaptability. These properties suggest that the liver is an appropriate tissue to capture the gene expression changes incurred during significant physiological stress. The liver is also known to be an organ of thermogenesis, (9) so we reasoned that gene expression changes induced by hyperthermia would be apparent in the liver.
Our data suggest that gene expression analysis has the potential to provide valuable clues regarding certain physiologic stresses that precedes death. Just as gene expression patterns have been used to distinguish among histologically similar tumors (1, 16, 21) , it is possible that this technology may lead to a more accurate classification of the cause of death when there are no alterations in the physical examination or laboratory abnormalities to assist the forensic pathologist. We limited our investigation to the conditions of hypoxia, hyperthermia, and sudden death, because these have all been hypothesized to occur in SIDS. Nevertheless, it seems likely that this methodology could be useful under other circumstances in which death is preceded by a physiological stress of sufficient duration to produce alterations in gene expression. Before these techniques can be used to better understand causes of human mortality, appropriate probe sets will have to be developed and validated. Although such an endeavor will be challenging, it holds forth the promise of assisting forensic pathologists in situations where the cause of death may be especially difficult to establish.
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